Context. Europium is an almost pure r-process element, which may be useful as a reference in nucleocosmochronology. Aims. To determine the photospheric solar abundance using CO5BOLD 3-D hydrodynamical model atmospheres. Methods. Disc-centre and integrated-flux observed solar spectra are used. The europium abundance is derived from the equivalent width measurements. As a reference 1D model atmospheres have been used, in addition. Results. The europium photospheric solar abundance is 0.52 ± 0.02 in agreement with previous determinations. We also determine the photospheric isotopic fraction of 151 Eu to be 49% ± 2.3% from the intensity spectra and 50% ± 2.3% from the flux spectra. This compares well to the the meteoritic isotopic fraction 47.8%. We explore the 3D corrections also for dwarfs and sub-giants in the temperature range ∼5000 K to ∼6500 K and solar and 1/10-solar metallicities and find them to be negligible for all the models investigated. Conclusions. Our photospheric Eu abundance is in good agreement with previous determinations based on 1D models. This is in line with our conclusion that 3D effects for this element are negligible in the case of the Sun.
Introduction
Europium (Z=63) is formed through neutron captures on seednuclei; in the seminal paper of Burbidge et al. (1957) it was assigned both to the s-process (slow neutron capture) and to the r-process (rapid neutron capture). According to the current understanding of r-process nucleosynthesis, europium is an almost pure r-process element. About 95-97% of the Eu in the solar system is contributed by the r-process (Arlandini et al. 1999; Burris et al. 2000) . See the introduction in the paper by Mashonkina & Gehren (2000) on the significance of the Eu/Ba ratio for assessing the relative contributions of the r-process and s-process.
The trend of the [Eu/Fe] abundance ratio as a function of [Fe/H] (Bonifacio et al. 2000) , in the Small Magellanic Cloud (Hill 1997) and Large Magellanic Cloud (Hill et al. 1995) .
The ratio of the two r-process elements Eu/Th 1 is potentially an interesting chronometer, provided the production ratio of the two nuclei can be reliably predicted theoretically (see Cowan & Sneden 2004 , for an extensive review of the r-process).
In this paper we reconsider the Eu solar abundance in the light of the recent progress of the 3-dimensional model atmosphere computations, measuring the solar abundance both with 1D and 3D models in order to assess the impact of this new generation of models on the solar Eu abundance.
The Eu solar abundance reported in the compilation Grevesse & Sauval (1998) is A(Eu)=0.51±0.08 2 and A(Eu)=0.55±0.02 dex, from the solar photosphere and from meteorites, respectively. The analysis of Lawler et al. (2001) yields A(Eu)=0.52±0.01 dex, adopting new atomic data for the 1 The isotope 232 Th is radioactive with a half-life of 14.05 Gyr. 2 We adopt the spectroscopic notation A(X)=log(N(X)/N(H))+12.
Eu lines and taking into account the hyperfine structure of the lines employed.
Solar europium chemical analysis

Theoretical tools
In this paper we derived the solar Eu photospheric abundance by using 3D model atmospheres computed with the CO 5 BOLD code (COnservative COde for the COmputation of COmpressible COnvection in a BOx of L Dimensions with L=2,3) (Freytag et al. 2002; Wedemeyer et al. 2004) and we compared it to the 1D model results. CO 5 BOLD solves the coupled non-linear equations of compressible hydrodynamics including non-local frequency-dependent radiation transport for a small volume located at the stellar surface (for technical issues, see the on-line manual available on http://www.astro.uu.se/∼bf/co5bold/index.html). The atmospheric flow field is sampled in equal temporal intervals each of which we call a "snapshot". In total, 25 snapshots were selected from a CO 5 BOLD simulation to represent the solar photosphere. As reference we also adopted several 1D solar models:
-The 1D solar model computed by F. Castelli 3 with the ATLAS9 code adopting the solar abundances of Asplund, Grevesse & Sauval (2005) , T eff =5777 K, log g=4.4377 and micro-turbulence velocity of 1 km/s. -The semi-empirical solar atmosphere model derived by Holweger & Müller (1974) . -A solar 1D atmospheric model obtained by the temporal and horizontal average of the 3D structure over surfaces of equal Rosseland optical depth. The comparison between the 3D CO 5 BOLD model and this kind of average 3D model allows to estimate the influence of the fluctuations around the mean stratification on the line formation process.
-A solar 1D atmospheric model computed with a Lagrangian hydrodynamical code LHD (see , including the same opacities and equationof-state adopted by the CO 5 BOLD 3D code. LHD code treats the convection with the standard mixing length theory (MLT) in the formulation given by Mihalas (1978) . The use of this kind of models allows to compare directly these 1D models with the 3D CO 5 BOLD models, erasing the systematics due to different physical assumptions.
The spectral synthesis from ATLAS and HM models are performed by using the SYNTHE code (Kurucz 1993 (Kurucz , 2005 in its Linux version (Sbordone et al. 2004; Sbordone 2005) . For CO 5 BOLD and LHD models the Linfor3D 4 code is used.
Observational material
The present study is based on two sets of high-resolution, high signal-to-noise ratio spectra of solar flux and disc-centre intensity:
-Solar Flux -We adopted the solar flux spectra of Neckel & Labs (1984) and of Kurucz 2005 5 . -Solar Intensity -As centre disc solar intensity spectra, we used the intensity of Neckel & Labs (1984) and that of Delbouille, Roland & Neven (1973) 6 .
We selected 5 Eu  optical spectral lines from the list of Lawler et al. (2001) . It is worth to note that not all these solar spectra are useful to measure the selected features. In the following, we describe briefly the single Eu  features used in this analysis and the corresponding adopted solar spectrum:
-412.972 nm -Strong Eu  line, with a weak blending on the blue side; this feature exhibits the same shape in all the adopted solar spectra, without telluric contamination. -604.951 nm -Clean feature without particular difficulties, it is not blended or contaminated by nearby lines to cause problems in the placement of the continuum. -664.519 nm -This is one of the strongest optical transitions and is commonly used to infer the Eu  abundance. In all the four solar observed spectra we consider this line results not blended with telluric features. This feature exhibits in the solar spectrum a blending in its red wing, due to the presence of the weak features of Cr I and Si I. The chemical analysis of the selected Eu II features has been performed adopting the atomic parameters for the Eu  lines by Lawler et al. (2001) and summarised in Table 1 . The Eu  spectral lines display significant hyperfine structures. We included in the line list hyperfine structure and isotopic splitting, adopting the meteoritic isotopic ratio 7 and the hyperfine constants A and B measured by Lawler et al. (2001) . The calculation of the hyperfine structure was done using the code LINESTRUC, described by Wahlgren (2005) . All the hyperfine components for each Eu  feature, computed without the assumption of a specific isotopic ratio, are available in the on-line version. We did not take into account possible NLTE effects which are different between intensity and flux spectra and could explain the small positive difference between intensity and flux abundances: Mashonkina (2000) analysed the NLTE effects for the resonance Eu  line at 421.9 nm in solar-like stars, finding a NLTE correction of ∼0.04 dex.
The solar Eu abundance was derived from the curve of growth of each line calculated with Linfor3D, adopting a meteoritic isotopic ratio. The equivalent width (EW) of the Eu  lines was measured with a Gaussian fit by using the IRAF task SPLOT, adopting the deblending option. The 3D models include only the Eu  lines, without the contribution of possible blending features. The choice to infer the abundance by using the EW measurement comes from the inefficiency of the line profile fitting with a 3D grid due to the lack of the weak blending components in the 3D synthetic spectra. This is due to the inability of the current version of Linfor3D to handle a large number of lines. In Table 2 we provide our results for both 1D and 3D models, the 3D correction defined by as A(X) 3D -A(X) 1D LHD , and the difference between 3D and 3D models. We reported also the error (σ EW ) in the Eu abundance due to the uncertainty in the EW measurement (in order to estimate this latter issue we performed EW measurements with different continuum placements and deblending assumptions for each line), typically of ∼0.02-0.03 dex (only the Eu  line at 412.972 nm shows an error in the abundance of ∼0.05 dex, probably due to the blending on the blue side).
To place solar 3D correction results in a wider context, we computed 3D corrections of the 664.5 nm Eu  line for flux spectra in F and G-type atmospheric stellar models. We explored a parameter grid including T eff between 4980 and 6460 K, log g=3.5,4.0,4.5 and [M/H]=0.0,-1.0. The Eu abundance is scaled with respect to the metallicity of the model, according to the solar ratio. The reference solar Eu abundance is 0.52. The results are listed in Table 3 . The majority of the 3D corrections (3D-1D LHD ) are negligible, and the largest is just 0.011 dex. The 3D correction related to the average temperature profile (3D-3D ) is in the range 0.01-0.02 dex for all models and it is larger than the complete 3D correction.
As additional check to test the consistency of our results, we performed a classical 1D analysis on these 5 features. This step is necessary to compare the results obtained by the LHD models and the 1D models usually used in the chemical analysis. To compute the abundance we used line profile fitting and employed the line list from the Kurucz database, updated including the atomic parameters for the Eu  lines. This was done by using a code (Caffau et al. 2005 ) that performs a linear interpolation in a synthetic spectra grid with the Eu abundance as a free fitting parameter: the final best-fit is obtained by the numerical χ 2 minimisation, using MINUIT (James 1998) . Even the line shift and the continuum placement can be a free parameter to be adjust to optimise the fit. Only for the two strong features (namely 412.9 and 664.5 nm) we adopted a different version of this code, including as free fitting parameters both the Eu abundance and the fraction of the Eu isotope 151 Eu with respect to the total abundance, log(N( 151 Eu)/N(Eu tot )).
Results and discussion
The main results of this analysis are:
1. The 3D analysis, based on different high-resolution high signal-to-noise solar spectra and by using the CO 5 BOLD model, provided a mean Eu photospheric abundance of A(Eu)=0.506 dex with a standard deviation σ=0.008 for the flux spectra (by using the first three spectral features) and A(Eu)=0.527 with σ=0.024 for the intensity spectra at the disk-centre (by using all the five lines). As a final Eu solar photospheric abundance we recommend A(Eu)=0.518 dex (σ=0.024). This value comes from the average of all the measurements (both flux and intensity, since they are very close), and it is consistent with the previous 1D determinations.
2. The difference 3D-3D allows to estimate the 3D corrections due to the horizontal temperature fluctuations (a component not taken into account in the classical 1D models). This correction is negligible for all of the lines considered, with an average value of -0.009 dex (σ=0.016) and 0.010 dex (σ=0.003) for flux and intensity respectively. This difference between the two solar data-sets has been already observed in a previous 3D analysis for sulphur (Caffau et al. 2005 ) and phosphorus and can be ascribed to the different atmospheric layers where intensity and flux spectra originate (the centre disc intensity spectra arise from deeper layers, where the temperature fluctuations are more pronounced).
3. The difference 3D-1D LHD allows to compare 3D and 1D models which employ the same physical assumptions, like equation of state and opacities, and provides a 3D correction. These values are near to zero both for flux and intensity; with an average difference of 0.004 dex (σ=0.013) and 0.021 dex (σ=0.004) respectively. The 3D-1D LHD corrections appear to be systematically higher than 3D-3D corrections with a difference of about 0.010 dex.
4. Finally, as consistency check, we performed a classical 1D analysis by using the Holweger & Müller (1974) and ATLAS models. We derived a mean photospheric abundance for europium of A(Eu)=0.515 dex (σ=0.022) and 0.523 dex (σ=0.014) for disc-centre intensity and flux, respectively, in good agreement with the previous ones by Anders & Grevesse (1989) There is no way to know a priori if the 3D effects are important for any given line. A detailed calculation has to be done in each case. Solar abundances are widely used as a reference and their implication goes beyond the pure chemical composition, but touches field such as helioseismology and solar neutrino production. The low solar abundances of Asplund, Grevesse & Sauval (2005) have put some strain on our understanding of both. As suggested by Bahcall et al. (2005) , different measurements of solar abundances, obtained using different observed spectra and different solar models, allow a better estimation of the systematic uncertainties. In the case of Eu we conclude that the 3D effects are negligible in the Sun and solar-like stars. The scenario is very coherent, when we consider 3D of the non-solar models. 3D corrections are negligible for both solar and slightly metal-poor models. Moreover, this is in line with the findings discussed by Steffen & Holweger (2002) that investigated granulation corrections in the Sun for several elements. Despite Eu is not included in this study, we can compare our results for Eu with their findings for Sr. These two elements show very similar line formation properties for spectral lines with similar excitation potential and oscillator strength. Also for Sr, the corrections are negligible, typically between -0.02 and +0.02. Therefore also for Eu, like for S and P we conclude that the use of 3D models does not imply a substantial downward revision of the solar abundances with respect to what was deduced from the use of 1D models. Table 4 . Linelist for the five selected Eu  transitions: log gf, excitation potential and corresponding isotope for each hyperfine component are reported.
